Approach to Equilibrium in HTR. A Comparison Between Thorium and Low-Enriched Cycle. EUR 5032. by Graziani, G. & Rinaldini, C.
EUR 5032 e 
COMMISSION OF THE EUROPEAN COMMUNITIES 
APPROACH TO EQUILIBRIUM IN HTR. 
A COMPARISON BETWEEN THORIUM 
AND LOW-ENRICHED CYCLE 
by 
G. GRAZIANI and C. RINALDINI 
1973 
Joint Nuclear Research Centre 
lepra Establishment - Italy 
LEGAL NOTICE 
This document was prepared under the sponsorship of the Commission 
of the European Communities. 
Neither the Commission of the European Communities, its con-
tractors nor any person acting on their behalf : 
make any warranty or representation, express or implied, with respect 
to the accuracy, completeness, or usefulness of the information 
contained in this document, or that the use of any information, 
apparatus, method or process disclosed in this document may not 
infringe privately owned rights; or 
assume any liability with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method or 
process disclosed in this document. 
This report is on sale at the adresses listed on cover page 4 
at the price of B.Fr. 50.-
Commission of the 
European Communities 
D.G. XIII - C.I.D. 
29, rue Aldringen 
L u x e m b o u r g 
October 1973 
This document was reproduced on the basis of the best available copy. 
EUR 5032 e 
APPROACH TO EQUILIBRIUM IN HTR - A COMPARISON 
BETWEEN THORIUM AND LOW-ENRICHED CYCLE 
by G. GRAZIANI and C. RINALDINI 
Commission of the European Communities 
Joint Nuclear Research Centre — Ispra Establishment (Italy) 
Luxembourg, October 1973 — 34 Pages — 10 Figures — B.Fr. 50 — 
A comparison between Thorium and low-enriched cycle in HTR 
power Reactors has been carried on, considering not only the equili-
brium fuel cycle, but also the running-in period, for both cycles. 
Zero and one dimensional calculations were performed, which show 
a good agreement with the poisons works done by the Authors on this 
matter. 
EUR 5032 e 
APPROACH TO EQUILIBRIUM IN HTR - A COMPARISON 
BETWEEN THORIUM AND LOW-ENRICHED CYCLE 
by G. GRAZIANI and C. RINALDINI 
Commission of the European Communities 
Joint Nuclear Research Centre — Ispra Establishment (Italy) 
Luxembourg, October 1973 — 34 Pages — 10 Figures — B.Fr. 50.— 
A comparison between Thorium and low-enriched cycle in HTR 
power Reactors has been carried on, considering not only the equili-
brium fuel cycle, but also the running-in period, for both cycles. 
Zero and one dimensional calculations were performed, which show 
a good agreement with the poisons works done by the Authors on this 
matter. 
EUR 5032 e 
APPROACH TO EQUILIBRIUM IN HTR - A COMPARISON 
BETWEEN THORIUM AND LOW-ENRICHED CYCLE 
by G. GRAZIANI and C. RINALDINI 
Commission of the European Communities 
Joint Nuclear Research Centre — Ispra Establishment (Italy) 
Luxembourg, October 1973 — 34 Pages — 10 Figures — B.Fr. 50 — 
A comparison between Thorium and low-enriched cycle in HTR 
power Reactors has been carried on, considering not only the equili-
brium fuel cycle, but also the running-in period, for both cycles. 
Zero and one dimensional calculations were performed, which show 
a good agreement with the poisons works done by the Authors on this 
matter. 

C O R R I G E N D U M 
EUR 5032 e APPROACH TO EQUILIBRIUM IN HTR. 
A COMPARISON BETWEEN THORIUM AND 
LOW-ENRICHED CYCLE 
by G. Graziarli and C. Rinaldini 
The last paragraph of the abstract should read as follows : 
4 
Zero and one dimensional calculations were performed, which 
show a good agreement with the previous works done by the Authors on 
this matter. 

EUR 5032 e 
COMMISSION OF THE EUROPEAN COMMUNITIES 
APPROACH TO EQUILIBRIUM IN HTR. 
A COMPARISON BETWEEN THORIUM 
AND LOW-ENRICHED CYCLE 
by 
G. GRAZIANI and C. RINALDINI 
1973 
Joint Nuclear Research Centre 
Ispra Establishment - Italy 
ABSTRACT 
A comparison between Thorium and low-enriched cycle in HTR 
power Reactors has been carried on, considering not only the equili-
brium fuel cycle, but also the running-in period, for both cycles. 
Zero and one dimensional calculations were performed, which show 
a good agreement with the poisons works done by the Authors on this 
matter. 
KEYWORDS 
HTGR TYPE REACTORS POWER REACTORS FUEL CYCLE 
EQUILIBRIUM 
R-CODES 
COMPUTER CALCULATIONS 
THORIUM 
ENRICHED URANIUM 
ONE-DIMENSIONAL CALCULATIONS 
3 -
APPROACH TO EQUILIBRIUM IN HTR. 
A COMPARISON BETWEEN THORIUM AND LOW-ENRICHED 
CYCLE 
Introduction 
The low-enriched cycle and the Thor ium cycle have been compared 
in the past for the HTR r e a c t o r s for different geomet r ies of the fuel 
e lement , and for different modera t ion ra t ios -* „ In these c o m p a r i -
sons the fuel cycle during the approach to equi l ibr ium per iod was not 
s tudied in detail , as it depends on many p a r a m e t e r s such as control 
avai labi l i ty and cost , power flattening, local power peaks , e tc , which 
r e q u i r e extensive calculat ions in o r d e r to be taken into account. 
The approach to the equi l ibr ium per iod (or running-in) , r e p r e s e n t s , 
however , a consistent fraction of the total fuel cycle expenditures and 
i t i s responsible of the build-up of the equi l ibr ium fissi le inventory. 
The way in which the running-in contribution is approximated in the 
economic p rogramme usually employed in the equi l ibr ium calculat ions 
X] 
at Ispra*- , is to give a "value" to the average equi l ibr ium fissi le in -
ventory: the "core value" used is the a r i thmet ic average between the 
cost of a charge of f resh fuel and that of a d i scharge of spent fuel. 
We do not intend he re to c a r r y on a l a rge and detai led compar i son 
between the various poss ible running-in s t r a t eg ies for the different 
HTR's fuel cycles . Our purpose is to fix-up a few p a r a m e t e r s with 
which it is possible to define the approach to equiHbrium phase , and, 
with some simplifying assumpt ions , look at the influence of the run-
ning- in on the total fuel cycle cost , both for the Thor ium cycle and 
for the low-enr iched cycle . 
Ae a by-product , a m o r e c o r r e c t calculat ion of the equi l ibr ium 
f iss i le inventory will be obtained for each ca se . 
Brief Outline of the Calculation Method 
The calculations were performed using the running-in fuel cycle 
computer programme RINA and the economic programme ECCO4- J . 
The programme RINA employs the same approximations as in the 
D> 37 equilibrium burn-up programmes usually used at Ispra ' . 
Zero and one-dimensional calculations are permitted. 
The one group one-dimensional diffusion equation is solved by 
means o£ the noda! m e t h o d ^ . !n this way, for a given composition, 
the average flux levels and power densities in each diffusion region 
are obtained, without any further calculation of the shape of the power 
distribution inside each region. 
In each of the diffusion regions, the programme considers differ-
ent burn-up zones, which have, in general, different volumes and com-
positions. The spectrum employed in the burn-up calculation is a mul-
tigroup spectrum, averaged over the refueling interval and over the 
zones belonging to the same diffusion region. This assumption c o r r e s -
ponds to the"scatter load" charging procedure and to a continuous r e -
fueling or, in any case, to a refueUng strategy in which the burn-up 
interval between two reloads is sufficiently small that no large changes 
occur in the average region spectrum. 
For a given refueling interval, the programme searches for a single 
initial fissile concentration, to be attributed to one or more specified 
zones, needed to obtain the required reactivity at the end of the in ter -
val. Alternatively, it may search for the refueling t ime, when the ini-
tial composition is fixed for all zones. A third option is also included: 
the programme can search both for the fissile concentration and for 
the refueling time, when the initial and final reactivity values are fixed« 
When the convergency is achieved, a fraction of the core, specified in 
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the input, is d ischarged. F r e s h fuel of given composit ion (fixed or 
guessed, depending on the type of search) is loaded, and the conver-
gency p roces s s t a r t s for the new in te rva l . 
The possibil i ty of recycling par t of the f iss i le m a t e r i a l d ischarged 
is taken into account, both in the case in which the f issi le is immed ia -
tely avai lable, as when the r eac to r cons idered is in an expanding s y s -
t e m of s imi la r r e a c t o r s , and in the case in which a cer ta in delay t ime 
has to be applied due to the cooling, r ep rocess ing plus refabr icat ion 
t i m e s . 
In each burn-up zone, the cell heterogenei ty is taken into account by 
means of s elf-shielding fac tors , which a r e given functions of the total 
absorpt ion c r o s s - s e c t i o n of the zone, according to the coefficients of a 
fitting previously per formed with some Sn calculat ions over the rea l cel l 
geomet ry . 
The possibil i ty of introducing burnable poisons in the f resh co re , 
when the reactivity var ia t ions due to the depletion can be l a r g e , is a lso 
cons idered in the p rog ramme employing a routine based on an approxi -
mated analytical solution. The radius of the burnable poison pin and the 
ini t ia l concentrat ion of the poisons have to be given in the input. When 
also the number of pins is given, the code calculates the reduction in 
the ini t ial and final values of the react iv i ty . Alternat ively, the de s i r ed 
react iv i ty variat ion along the in terva l can be given and the code s e a r -
ches for the number of pins which have to be i n se r t ed in the fresh fuel 
ini t ia l cha rge . 
Main Assumptions 
The flexibility of the code used and the re la t ively shor t computer t ime 
reques ted by each calculation could allow a great deal of different run-
ning-in assumptions to be studied. However, the many possible va r i a -
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t ions in the approach to equil ibrium phase may depend on such deta i led 
effects as local power peaks , power flattening r e q u i r e m e n t s , control 
rod movements , which a r e far out of the poss ib i l i t ies of ana lys i s of a 
survey p r o g r a m m e like RINA, 
The c r i t e r i u m of assuming, as a p a r a m e t e r of the running- in s t r a -
tegy, the lifetime of the first charge was chosen. The following c h a r -
ges p resen t always the same initial composi t ion of the f resh fuel, but 
different refueling pe r iods , which, after few cyc les , were getting s table 
around an equi l ibr ium value. 
The main physical and economical assumpt ions a r e r epor t ed in 
Table 1 and 2. 
ñ] 
The geometry of the fuel element was the one opt imized by GGA*-
for the Thor ium cycle . The same geometry for the low-enr i ched cycle 
was assumed , without allowing for a r e -op t imiza t ion of the fuel e l emen t . 
In Table 1, the number of blocks in the core and the n u m b e r of pins 
of burnable poison per block, a re given according to the GGA design. 
However, as the number of fuel e lements pe r block is ve ry l a r g e , it i s 
reasonable to think that the number of burnable poison pins p e r block 
can be doubled, without any important shadowing effect between t h e m . 
An upper l imit for the total number of burnable poison pins in the whole 
core can be a s sumed to be 6, 300. The poison chosen was Gadolinium and 
i ts re ference concentrat ion was the one cor responding to the t heo re t i c a l 
densi ty . The d iamete r of the pin has been va r i ed in the ca lcula t ions and 
i t is r e f e r r e d to as an equivalent d i ame te r because o the r se t s of b u r n -
able poison pin d i ame te r , poison concentra t ion and n u m b e r of poison 
pins could be chosen in o r d e r to have the same reac t iv i ty behaviour of 
the burnable poisons . F o r ins tance, a re fe rence value of the pin d ia -
m e t e r of 12, 7 m m could be fixed and the concentra t ion and n u m b e r of 
; 
pins adjusted accordingly in each of the ca ses cons idered in the follow-
ing. In o r d e r to avoid too lengthy calcula t ions , the fract ion of the core 
d i scharged at each refueling in terva l was kept equal to l / 8 , a value 
much higher than the one used in the equi l ibr ium survey ( l / 4 0 ) . Higher 
f issi le requi rements can then be expected for a given burn-up , o r low-
e r burn-up values for the same ini t ial enr ichment . The number of e n e r -
gy groups , the source for the mul t igroup c r o s s - s e c t i o n data and the data 
on the cel l heterogeneity were the same as in the equi l ibr ium cycle s u r -
/ 2 / vey a l ready mentioned 
Zero-Dimens ion Calculation 
l ) Low-Enriched Cycle 
Following the running-in s t ra tegy outlined, the equi l ibr ium refueling 
composi t ion of the low-enr iched cycle was chosen equal to that of the 
continuous charge-d i scharge equil ibrium cycle which cor responds to a 
modera t ion ratio C/V of 350 and an i r r ad ia t ion of 92 MWd/kg. The burn-
up of the f i rs t charge was changed pa r a m et r ie ally and, consequently, 
different initial enr ichments were obtained. 
The burnable poison equivalent d i ame te r was a s sumed to be 1 m m , 
with which smal l absorpt ions of the burnable poisons at the end of the 
f i r s t charge were obtained (below 2 percent ) , inc reas ing only slightly 
the ini t ial f issile r equ i rements as compared to the case in which the 
burnable poisons a re rep laced by control rods . Calculations for a higher 
burnable poison equivalent d i ame te r show an increas ing ini t ia l en r i ch -
ment , as it can be seen from the following tab le . 
Equivalent burnable poison d iamete r (mm) 
Burn -up of 
the f i r s t 
charge = 
24 MWd/kg 
Init ial en r i ch -
ment (%) 
P e r c e n t a b s o r p -
tion of the burn-
able poison at the 
end of the f i rs t 
charge 
1 
5 
1,2 
1,4 
6 
4 , 8 
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Results of the running-in for the low-enriched cycle are reported in 
figures 1 and 2. In figure 1 the fuel cycle cost averaged over the entire 
reactor life is plotted as a function of the burn-up of the core at the first 
reloading. The cost curve increases both for low irradiation values, 
due to the contribution of the fabrication and reprocessing costs , and 
for large burn-up values, due to the poorer neutron economy. The in­
fluence of the first charge irradiation on the total fuel cycle is small 
and their cost variations shown in the figure are in the order of percents 
of a mill. The initial charge with the same initial enrichment of the equi­
librium cycle (8. 35%) corresponds to an initial batch type irradiation of 
47 MWd/kg and to a fuel cycle cost which is 0. 02 mills higher than the 
minimum 
In figure 1 the maximum irradiation, which is reached by the last 
fraction of the first charge before it is discharged, is also reported . 
Giving a limitation of 100 MWd/kg, due to technological reasons, to this 
maximum burn-up, the irradiation of the first charge is bounded to va­
lues lower than 35 MWd/kg, vithout any appreciable penalty in the cost. 
In figure 2 it is plotted as a function of the burn-up of the first charge, 
the number of burnable poison pins needed to bring down the excess of 
reactivity to a value of about 0. 09. This last value has been calculated 
adding to the excess reactivity of the equilibrium cycle (0. 05) the initial 
contribution of Xenon, Xenon override requirements and Samarium. 
It is shown by the figure that the limitation of 6, 300 in the number 
of burnable poison pins plays an effective role, as it reduces the maxi­
mum permissible average irradiation of the first charge down to a va­
lue of 30 GWd/Τ. However, the penalty in the total fuel cycle cost is ne­
gligible. 
In the figure 1 the behaviour of the quantities χ and χ . , described in 
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re ference 8 (see Appendix I), a r e also repor ted . They may be used 
for calculating the excess of f i ss i le m a t e r i a l charged and discharged 
during the running-in as compared to the equi l ibr ium ones for the 
same energy. 
2) Thor ium-Uran ium Cycle 
The equil ibrium refueling composit ion of Thor ium cycle was d e t e r -
mined to give an equi l ibr ium i r r ad ia t ion equal to the one of the low-
enr iched cycle, namely 87 MWd/kg. F o r this i r rad ia t ion the init ial 
m a k e - u p enr ichment of the equi l ibr ium fuel was 3 . 5%. The m o d e r a -
tion rat io was defined according to the GGA design (C/Th = 225). 
The value of the burnable poison equivalent d iamete r was somewhat 
higher than the corresponding value for the low-enr iched cycle, as 
Thor ium neutron spec t rum i n c r e a s e s the depletion of the burnable poi-
son macroscopic c r o s s - s e c t i o n with the i r r ad ia t ion . Values of percent 
absorpt ion of the burnable poison at the end of the f i rs t charge a r e well 
below 3% in the range of the lower ini t ial i r r ad ia t ion cons idered and 
tend to dec rease for l a rge burn-up va lues . In figures 3 and 4 the resu l t s 
of the running-in for the Thor ium cycle a r e repor ted . As in the low-
enr iched cycle, the fuel cycle cost averaged over the r eac to r life shows 
very l i t t le sensit ivity to the burn-up of the f i rs t charge in a range of 
values between 20 and 50 MWd/kg. The cons t ra in t on the max imum i r -
radiat ion (100 MWd/kg) bounds the ini t ial i r r ad ia t ion to values lower 
than 30 MWd/kg. The fuel cycle cost penalty, however , is a lmos t ne -
gligible. The ini t ial enr ichment of the f i rs t charge is always much high-
e r than the equil ibrium make-up enr ichment , due to the la-ck of U-233 
recyc led . 
The recycling of U-233 is per formed, without any delay, supposing 
the HTR reac to r in an expanding sys tem of s imi l a r r e a c t o r s employ-
ing the same fuel cycle . The taking into account of a delay due to cool-
- 10 
ing, plus reprocessing and re-fabrication would increase the cost and 
probably change the picture. 
In figure 4 the number of burnable poison pins is plotted versus i r ­
radiation, together with the factors χ and χ mentioned above. The num­
ber of burnable poison pins is much lower than for the low-enriched 
cycle«, This is partly due to the better efficiency of the burnable poisons 
in the Thorium spectrum, but also to the much lower reductions in r eac ­
tivity between the fresh and the spent fuel in the Thorium than in the low-
enriched cycle (figure 5), according to the fact that the lat ter has a much 
lower conversion ratio. 
Table 3 presents the main physical results and the cost comparison 
between the optimum cases of the Thorium and of the low-enriched cycle. 
The cost difference in favour of the Thorium cycle, obtained in the equi­
librium calculations (0. 18 mills/KWh) is found here again almost un­
changed. 
3) Comparison with the Equilibrium Calculations 
As the economic advantage of the Thorium cycle against the Uranium 
cycle in the case treated before, is almost the same as it was in the equi­
librium calculations (programme MOGA), the question may be put if one 
can conclude about a general validity of the equilibrium surveys. In par ­
ticular the approximation of giving a value to the average equilibrium 
fissile inventory has to be investigated. 
Table 4 presents some main physical parameters of the equiHbrium 
cycles and the cost splitting, calculated in the two different ways (pro­
grammes MOGA and RINA) for the low-enriched fuel. The equilibrium 
fresh fuel composition being the same, the equilibrium burn-up was 
lower in the RINA calculation, as in this case the fraction of the core 
to be recharged has been assumed to be higher. The small differences 
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in the Uranium and Plutonium fuel enr ichments a r e due both to the 
burn­up variat ion and to the differences in the average spec t rum and 
in the calculation of the self­shielding fac to r s . As a m a t t e r of fact, 
in MOGA the self­shieldings a r e calculated as functions of the average 
core composition, whilst in RINA the re a r e as many disadvantage fac­
t o r s as the number of different fuels with different i r r ad i a t i ons . F o r 
each of them, the average composit ion in the refueling in terval con­
s ide red is the p a r a m e t e r determining the s elf­shielding fac to r s . The 
difference, however, is quite smal l , as for the fuel e lement type cho­
sen, the cel l ­heterogenei ty is very l i t t le . These differences in burn­
up values and in fuel composit ions reflect on the differences in the 
f resh fuel consumption cos t s , in the revenues , in the fabrication and 
r ep roces s ing cos ts . 
The following two i t ems , f resh fuel s torage and out of core inven­
to ry , r ep resen t the inventor ies in the fresh and in the spent fuel due 
to the presence of the fabrication t ime and of the cooling plus r e p r o ­
cess ing t ime . In the equi l ibr ium calculat ion they a r e inverse ly p ropor ­
t ional to the burn­up and di rect ly propor t ional to the delay t imes (for 
example : fabrication t ime) . In the running­in economic calculation 
they a r e obtained as the differences between the expenditures (or r eve ­
nues) actualized and those not actual ized to the average t ime at which 
the energy is produced, i . e . half of the refueling per iod. According to 
th i s , they a r e inverse ly proport ional to the burn­up of the cycle, but 
t he i r dependence on the delay t ime is obtained through the quantity 
(W (Vü's'Wh)-.] 
­ i being the in t e re s t va lue , 
­ Τ being the delay t ime considered, 
­ Τ being the refueling t ime , 
r ix 
­ h being the load factor . 
The sign + is used for f resh fuel and the sign ­ for spent fuel. 
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Approaching the exponential with a linear solution and neglecting 
the terms of higher order, the fresh fuel storage and out of core in-
ventory are then proportional to the sum of the delay time considered 
and half of the refueling time. This difference can explain the relatively 
large discrepancies in these two i tems. Summing up the six quantities 
considered, the equilibrium fuel cycle costs are obtained. The agree-
ment is sufficiently good, the difference being found mainly in the 
fresh fuel storage and out of core inventory. 
The total fuel cycle cost is obtained summing to the equilibrium fuel 
cycle cost, in one case the inventory cost obtained giving a value to the 
arithmetic average between charged and discharged fuel, in the other 
case the running-in contribution plus the last charge revenue. The run-
ning-in contribution can vary depending on the running-in strategy con-
sidered. In the approach to equilibrium strategy considered here , this 
cost lies in the range between 0. 28 and 0. 31 mills/KWh and the agree-
ment with the inventory cost is surprisingly good. 
For the Thorium cycle, such a comparison was not car r ied out, as 
the initial equilibrium composition and then the equilibrium burn-up 
values were not the same. However, even in this case, some figures 
can be quoted, which show that the discrepancy between the inventory 
cost and the running-in contribution, can hardly be higher than 20%, 
as it can be seen from the following table: 
Thorium Cycle 
Burn-up (MWd/kg) 
Inventory cost or 
running-in contribu-
tion (mills/KWh) 
MOGA Calculation 
68 
0.427 
RINA Calculation 
86 
between 0. 40 and 0. 42 
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One-Dimension Calculations 
An analysis of the running-in phase for the low-enr iched cycle and 
for the Thorium cycle has been per formed for a radial ly flattened 
c o r e . Using the one-dimension routine of the code RINA, the purpose 
of this analysis was to detect any impor tant factor, which is linked to 
the m o r e detailed one-dimension calculat ion, as compared to the z e r o -
dimension calculation desc r ibed above and which could play a role in 
the compar ison between the low-enr iched and the Thor ium cycle . 
No detailed analysis of the rad ia l power form factor has however 
been per formed and therefore the average power and the total r eac to r 
power in the one-dimension calculat ions have been kept equal to those 
employed in the ze ro-d imens ion calcula t ions . This impl ies that the r e ­
sul ts of the one-dimension calculat ions a r e penalized by the neutron 
l o s se s due to the power flattening, without correspondingly ensuring 
a reduct ion of the investment costs as it should be allowed by the bet­
t e r power form factor due to flattening. A be t te r power form factor, 
as a m a t t e r of fact, usually allows a higher average power, once the 
max imum peak power is fixed. 
Because of the above r e a s o n s , the fuel cycle costs obtained from 
the one-dimension calculat ions shall not be compared to the one d e r i ­
ved from the ζ e ro -d imens ion calcula t ions . The compar ison will be 
done only between low-enr iched cycle and Thor ium cycle , both ca lcu­
la ted at one-dimension: it will be seen that this m o r e detailed ca lcula­
tion will not change very much the conclusions previously reached. 
In the one-dimensional calcula t ions , the core was split into two 
different diffusion zones , the radius of the inner zone being near ly 80% 
of the total radius . A reasonably good power shape was a s sumed to 
be the one giving near ly 70% of the power in the inner zone. This c o r -
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responds to an average power density in the inner reg ion of 1.1 and 
in the outer region of 0. 83 t imes the average value. 
1) Low-Enr iched Cycle 
The power flattening at equi l ibr ium conditions can be achieved in 
two ways: e i ther refueling a l a r g e r fract ion of the ex te rna l zone with 
the same init ial f issi le content of the inner zone, in o r d e r to have an 
average higher f issi le content, and consequently a good power shape; 
o r recharg ing the same fraction in both regions with a h igher f iss i le 
enr ichment in the external region. The f i r s t possibi l i ty was chosen 
h e r e : it exploits the insensit ivi ty of the HTR fuel cycle cost over a 
wide range of burn-up values and avoids the fabr icat ion of two differ­
ent fuels, for the whole reac tor l i fe. Calculat ions w e r e made for dif­
ferent ra t ios of refueling fract ions, and the resu l t s a r e p r e s e n t e d in 
the following table . 
Τ Refueling Frac t ions of 
inner region outer region 
Power F r a c t i o n 
in inner region (%) 
Equ i l ib r ium burn -up 
(MWd/kg) of 
inner reg ion ou te r region 
12 
10 
9 
4 
6 
7 
58 .5 
65. 5 
70 
106 
95 
91 
44 
53 
55 
F o r the refueling fract ions in the rat io 9/7 the power shape a s s u m e s 
the de s i r ed value and the i r rad ia t ions reached by the fuel e l ement s in 
the two regions a r e jus t in the range of acceptable v a l u e s . 
In the f i r s t charge , two different ini t ia l en r ichments were cons ide red 
to give approximately the same power shape as for the equ i l ib r ium cycle . 
As it was done for the ze ro-d imens iona l ca lcula t ions , the a v e r a g e b u r n -
up of the f i rs t charge was assumed as the p a r a m e t e r of the running- in , 
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and at the end of the f i rs t charge I / 9 of the inner region and l / 7 of the 
ou te r were discharged and rep laced with the equi l ibr ium composit ion, 
and so on. 
The equiHbrium composit ion was the one obtained in the z e r o - d i m e n ­
sional calculation. Burnable poisons were allowed in the f i r s t cha rge , 
the burnable poison pins being sp read uniformly through the whole c o r e . 
The effective d iameter of the burnable poison pins was reduced from 
1 m m to 0. 8 mm in these calculat ions , in o r d e r to avoid l a rge burnable 
poison absorption at the end of the f i rs t charge , and consequently an in ­
c r e a s e of the initial f iss i le r e q u i r e m e n t s . The i nc r ea se of final burnable 
poison absorption at the end of the f i rs t cycle is due to the hardening of 
the spec t rum, according to the higher average fissi le content than in 
the zero-d imens iona l ca lcula t ions . 
F igu re s 6 and 7 show the resu l t s obtained for the running-in of the 
low-enr iched cycle in the one-dimensional approach. In figure 6 the 
ini t ia l enr ichments of the f i r s t charge a r e repor ted and the fuel cycle 
cost which reaches i t s min imum value at about the same average i r r a ­
diation of the f irs t d i scharged fraction as in the ze ro -d imens iona l ca l ­
cula t ions . Due to the different refueling fractions in the two zones, the 
m a x i m u m burn-up l imitat ion plays he re an impor tant ro le . Actually, 
a l r eady for an average i r r ad ia t ion at the f i r s t re load of 19 MWd/kg, 
the l a s t fraction of the inner zone has an i r r ad ia t ion of 100 MWd/kg 
before it i s d ischarged. This l imitat ion impl ies an i nc r ea se in the to ta l 
fuel cycle cost of 0. 02 mil is /kWh over the ent i re r e a c t o r Hfe. 
In figure 7 the number of burnable poison pins is plotted ve r sus the 
ave rage i r rad ia t ion of the f i rs t charge , together with the quantit ies χ 
and χ . These las t two i t ems do not change very much pass ing from 
one to two zones c o r e . The number of burnable poison p ins , however, 
i n c r e a s e s both because of the reduction of the effective d iamete r and 
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for the hardening of the spectrum. The limitation to 6, 300 of this 
number gives an irradiation value which is about half of that obtained 
in the zero-dimensional calculation: the burn-up of the fuel first d is-
charged is here bounded to values lower or equal to 15 MWd/kg, with 
a further increase in the total fuel cycle cost of 0. 012 mills/kWh. 
2) Thorium Cycle 
In the Thorium cycle the possibility to obtain an equilibrium power 
flattening equal to that of the low-enriched cycle was also investigated. 
As a result of the calculation, however, the numbers of refueling frac-
tions in the two radial zones were found to be in the ratio 12 to 4, gi-
ving for the equilibrium irradiation the values of 130 and 29 MWd/kg 
in the two regions. Even if the technological limitation could be exten-
ded to include the value of 130 MWd/kg, the penalty in the fuel cycle 
cost would be in this case too severe, as the values calculated are too 
far from the region of insensivity of the cost to the burn-up variations. 
The introduction of two equilibrium enrichments is then necessary 
to obtain the flattening ratio desired in the equilibrium cycle. The ini-
tial enrichment of the inner region was kept equal to that used in the 
zero-dimensional calculations, the outer enrichment resulting 25% 
higher. The equilibrium burn-up values are different, according to 
the different average power densities in the two regions. The follow-
ing table shows the economical advantage of flattening by two zone 
enrichments in the Thorium equilibrium cycle, instead of flattening 
by differential burn-ups. No penalty in the fabrication cost has been 
considered for the enrichments case, but the fabrication unit cost 
should increase from 120 to 270 ¡SÍ/kgHM in the case of the two enrich-
ments, to obtain the same fuel cycle cost as in the case of a single 
enrichmentr 
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Number of refueling fractions 
Initial enrichment (%) 
Burn-up (MWd/kg) 
Equi l ibr ium fuel cycle cost 
(miUs/kWh) 
Inner 
zone 
12 
3 . 5 
130 
1. 
Outer 
zone 
4 
3 . 5 
29 
35 
Inner 
zone 
8 
3 . 5 
87. 5 
1. 17 
Outer 
zone 
8 
4 .35 
67. 5 
In the f i rs t charge two different init ial enr ichments were also con­
s ide red to give approximately the same power shape as for the equi­
l i b r ium cycle. As in the other c a s e s , the average burn-up of the f i rs t 
charge was assumed as the p a r a m e t e r of the running-in. At the end of 
the f i r s t charge l / 8 of the inner region and l / 8 of the outer region were 
d i scha rged and replaced with the equi l ibr ium fuels. Burnable poisons 
were allowed in the f i rs t cha rge . The effective d i ame te r of burnable 
poison pins was reduced from 1. 4 m m to 1 m m to avoid the l a rge a b ­
sorpt ions at the end of the f i rs t cha rge . 
F igu re 8 and 9 show the resu l t s obtained for the running-in of the 
Thor ium cycle in the one-dimensional approach. In F igure 8 the total 
fuel cycle cost i s plotted ve r sus the average burn-up at the f i rs t charge 
toge ther with the init ial enr ichment of the f i rs t charge and the max imum 
i r r ad i a t i on . No severe penalty is in t roduced by the l imit on the max i ­
m u m burn-up . Optimum fuel cycle cost occurs for a burn-up of about 
30 MWd/kg, but the i r r ad ia t ion is bounded to values below 23 MWd/kg. 
This l imitat ion int roduces an inc rease of fuel cycle cost which is how­
eve r , of one o rde r of magnitude s m a l l e r than the corresponding in­
c r e a s e for the low-enr iched cycle . 
In figure 9, the number of burnable poison pins as a function of the 
burn -up is given, together with the quantit ies χ and χ . These two 
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i t ems do not change pass ing from one rad ia l zone to two r ad ia l zones 
calculat ion, and they a r e a lso quite independent from the i r r ad i a t i on 
of the f i r s t charge . Thei r values a r e m o r e o r l e s s typica l of the type 
of the cycle invest igated and of the running-in s t r a t egy a s s u m e d . 
The number of the burnable poison pins is well below i t s l imi t ing 
value of 6, 300. In figure 10 the react iv i ty shift between f resh and spent 
fuel for the f i r s t charge in the non-poisoned core is r e p o r t e d toge ther 
with the single burnable poison pin efficiency for the Thor ium and for 
the low-enr iched cycle . Mainly the l a rge differences in the react ivi ty 
shifts for the two cycles a r e responsible of the much lower values of 
the number of pins for the Thorium cycle . 
Optimum Cases 
The main p a r a m e t e r s of the opt imum running-in ca se for the low 
enr iched cycle a r e shown in table 5, where the refueling in t e rva l , the 
power fraction in the f i rs t zone, the reac t iv i ty to be cont ro l led with 
control rods , and the maximum age factors in the two regions a r e r e -
por ted . As the number of charges i n c r e a s e s , each of these quanti t ies 
tends to reach i ts equi l ibr ium value. The var ia t ions of the refueling 
in te rva l , of the f resh-spen t fuel react iv i ty shifts and of the power 
fract ions a r e smooth and do not introduce any difficulty. 
The age factor , on the cont ra ry , changes d ra s t i ca l ly as soon as 
some Plutonium is building up in the r eac to r and, pa r t i cu l a r l y in the 
inner core where the i r rad ia t ions a r e l a r g e r , r eaches values much 
higher than the equi l ibr ium ones . This does not mean that the running-
in cons idered is not feasable , as the age factor r e m a i n s anyway lower 
than the equi l ibr ium age factor of the Thor ium cycle (see Table 6). It 
indicates only a reduction of the eventual advantages , which could be 
achieved in the low-enr iched cycle with a p rope r fuel e lement des ign. 
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The optimum running-in of the Thor ium cycle is desc r ibed in 
table 6. Apart from the Uranium-233 recycled quantity, the equil i -
b r ium values a r e reached h e r e some charges before and the p a r a -
m e t e r s oscil lat ions a r e sma l l e r , which can introduce a further advan-
tage to the Thorium cycle . 
A compar ison between the two cycles is shown in table 7, where 
two fuel cycle costs a r e quoted for the Thor ium. They cor respond 
to two different fabrication changes, nominal and inc reased by 20%, 
in o r d e r to take into account the penalty due to the fuel element fabr i -
cation with different enr ichments , for the ent i re r eac to r life. The r e -
sul ts of the table indicate that , even in this c a se , the low-enr iched 
cycle is more expensive than the Thor ium one, the difference being 
of the same order of that found in the equi l ibr ium zero-d imens iona l 
ca lcula t ions . 
Final Remarks 
The approximations of the calculation method and the l imi ted i nves -
t igation of the p a r a m e t e r s of the two fuel cycles do not allow to draw 
a final conclusion on the advantage of one cycle on the o ther . Different 
running-in approaches can be studied, different fuel geome t r i e s , m o -
dera t ion rat ios and equi l ibr ium burn-up values have to be introduced. 
Some interes t ing resu l t s can, however, be summar i zed : 
- The running-in costs a r e more or l e s s the same of the inventory 
costs obtained in the equi l ibr ium ze ro-d imens iona l calculat ion. 
Most of the conclusions of the previous surveys can then be ma in -
ta ined. 
- Both the zero and one-dimensional calculat ions show a higher num-
ber of burnable poison pins , requi red by the low-enr iched cycle . 
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The limitation on this number plays an effective role in determining 
the minimum cost. The influence of fabrication cost of the burnable 
poison pins should be taken into account in the economic evaluation. 
Too low irradiations of the first charge are not economically a t t rac­
tive, because of the high fabrication charges. 
The Hmitation on the maximum burn-up is effective only for Tho­
rium cycle. 
In the running-in of the low-enriched cycle, the age factor is much 
higher than that of the equilibrium cycle and is of the same order of 
that of the Thorium cycle. 
The power flattening of the equilibrium cycle can be achieved vary­
ing the burn-up values of the two regions. This is attractive only 
for low-enriched fuel. 
The quantities χ and χ . , which represent the excess of fissible char­
ged and discharged during the running-in, as compared to the values 
at the equilibrium and normalized to the same energy, are not very 
sensitive to the running-in approach and to the type of calculation 
(0-D or 1-D). They are typical of the fuel cycle of the reactor con­
sidered. 
- ζ: -
Ap­pendb: I 
In o r d e r to in te rp re t the r e su l t s of the running­in survey studies 
in t e r m s of different consumption or production of fuel, re la t ive to 
the equi l ibr ium cycle, the conclusions of the work pe r fo rmed by 
ENEA^ "* can be used . In fact, in the running­in per iod, the fuel 
cha rges a r e usual ly lese effective than equi l ibr ium fuel, e . g . they 
achieve lower burn­up values if the composit ion is the s a m e . 
This can be compensated by an additional amount of fuel, χ k for 
the new fuel o r x 'c for r ecove red fuel, where k and c a r e the equi­
l i b r ium charge and d i scha rge , respec t ive ly . 
If the whole running­in per iod would have the same u ran ium requi ­
r e m e n t s , k and c for new and spent fuel, no t r ans i t ion t e r m would be 
needed. 
If, however, the f i rs t fuel charge has values k 1 , c1 and Β , then 
the i n c r e a s e in the u ran ium consumption will be as follows. 
x k - (uranium in f i rs t charge) ­ (uranium requ i rement with equi l i ­
b r i u m fuel over the i r r ad ia t ion per iod of the f i rs t charge) = 
kx ­ k B ^ / B 
and for the whole running­in per iod 
x k ­ ~ Sum. k. ­ k Sum.B . /B N i i i r 
1 Γ Sum. Sum. Β. 
hence χ = ­ [—^ k. ­ ^ ­ ¿ 
Simi lar ly , the component a r i s ing from the spent fuel is 
, rSum. C. _ L ι ι 
= N L C 
Sum. B. ι ι 
Β 
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Table 1 
1. 
2. 
3 . 
4 . 
5. 
6. 
7. 
8. 
9. 
MAIN REACTOR AND PHYSICS CHARACTERISTICS 
E lec t r i ca l power 
T h e r m a l efficiency 
Power density 
Axial buckling 
Control rod investment 
Number of refueling regions 
Core he igh t / core d iameter 
ratio 
Fue l pins: 
Rod d iamete r 
Length 
Number of rods p e r block 
channel 
Height of channel plugs 
Heavy me ta l loading 
Graphite m a t r i x density 
Hexagonal block: 
Graphite density 
Distance a c r o s s flats 
Height 
Fue l holes: number 
d iameter 
Coolant ho les : number 
d iameter 
Burnable poison holes : number 
d iam. 
Block handling hole: length 
equivalent 
d i ame te r 
1000 MW 
0.40 
8 W/cc 
- 5 -2 2. 15 . 10 c m 
100% Xe ove r r i de 
8 
0.835 
12. 7 m m 
36. 5 cm 
2 
3 cm 
var iable 
1.7 g /cc 
1.8 g /cc 
360 m m 
790 m m 
210 
12. 7 m m 
108 
15. 9 m m 
6 
var iable 
395 m m 
50 m m 
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Table 2 
ECONOMIC DATA 
Interest rate 11% 
U-233 value 14/S/g 
Pu-fis sile value 10 /a/g 
U-235 (93% enriched) 12 #/g 
Thorium value 30 $/kg 
Fabrication delay 180 days 
Reprocessing delay 360 days 
Load factor 0. 75 
Reprocessing cost: 
Uranium 100 J^kg HM 
Thorium 120 #/kg HM 
Fabrication cost: 
Uranium 212 #/kg HM 
Thorium 190 ^/kg HM 
Graphite cost 9 $/kg 
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Table 3 
Ζ E RO-DIMENSIONAL SCHEME 
Comparison between Thorium and Low-Enriched Cycle 
OPTIMUM CASES 
with the limitations in maximum burn-up (100 MWd/kg) and in the 
number of burnable poison rods (6, 300) 
Thorium cycle 
(U-233 recycled) 
Burn-up of first charge 
(MWd/kg) 
Initial make-up enrichment 
(%) 
Maximum burn-up (MWd/kg) 
Equilibrium make-up enrich­
ment (%) 
Fuel cycle cost (mills/kWh) 
Equilibrium fuel cycle cost 
(milis/kWh) 
Running-in cost 
(milis/kWh) 
Number of burnable poison 
rods 
X 
X l 
30 
5 
100 
3 . 5 
1.479 
1.090 
0.389 
2,300 
0.55 
0.18 
Low-enriched cycle 
(Pu sold) 
30 
5.9 
100 
8.35 
1.691 
1.420 
0.271 
6,300 
0 . 5 
0 .0 
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Table 4 
LOW-ENRICHED CYCLE 
Compar ison between an Equi l ibr ium MOGA-calculation and a 
RINA-calculation which include a ze ro -d imens iona l approach 
to equi l ibr ium phase 
Refueling fraction 
Equi l ibr ium burn-up (MWd/kg) 
Equi l ibr ium cr i t ica l enr ichment (%) 
Equi l ibr ium Uranium final en r i chm. (%) 
Equi l ibr ium Plutonium final en r i chm. (%) 
Cost spli t t ing (milis/kWh) 
F r e s h fuel consumption 
Fabr ica t ion (fuel + mod. ) 
Reprocess ing 
Revenue 
F r e s h fuel s torage 
Out of co re inventory 
Equi l ibr ium fuel cycle cost (mil is /kWh) 
Inventory (mil is /kWh) 
Running-in contribution (mil is /kWh) 
Las t change revenue (milis/kWh) 
Total fuel cycle cost 
MOGA 
calculat ion 
1/40 
92 
8.35 
1.92 
1.48 
1.017 
0.407 
0. 114 
- 0.280 
0.077 
0.020 
1.355 
0.324 
1.679 
RINA 
calculation 
1/8 
86 
8.35 
2 .03 
1.45 
1.051 
0 .435 
0.121 
- 0.323 
0.112 
0.024 
1.420 
0.281 
- 0.011 
1.691 
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Table 5 
OPTIMUM RUNNING-IN FOR THE LOW-ENRICHED CYCLE 
Charge 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Refueling 
time (days) 
150 
134 
92 
79 
81 
85 
89 
92 
96 
97 
99 
98 
Power fraction 
in the first zone 
70 .6 
67 .2 
6 7 . 5 
68 .2 
68 .6 
68 .6 
6 8 . 4 
68 .1 
68 .3 
68 .7 
69 .3 
69 .4 
Maximum age 
facto r 
Region 1 Region 2 
1 1 
1.51 1.12 
1.47 1.12 
1.42 1.11 
1.37 1.10 
1.33 1.08 
1.29 1.07 
1.25 1.05 
1.22 1.05 
1.19 1.05 
1.18 1.05 
1.17 1.05 
* K e f f 
9 .2 
8 .1 
5 .8 
5.0 
4 .9 
5.0 
5.1 
5 .2 
5 .3 
5 .2 
5 .3 
5 .2 
Discharged 
f iss i le Pu 
enrichment 
0 .56 
0 .84 
0.97 
1.06 
1.13 
1.19 
1.24 
1.27 
1.28 
1.31 
1.33 
1.34 
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Table 6 
OPTIMUM RUNNING-IN FOR THE THORIUM CYCLE 
Charge 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Refueling 
t ime(days) 
312 
168 
117 
130 
136 
143 
156 
156 
156 
156 
156 
156 
Power fraction 
in the f i rs t zone 
7 1 . 
69.2 
69.2 
69 .4 
69 .5 
69 .6 
69 .5 
69 .4 
69 .3 
69 .3 
69 .3 
69 .3 
Maximum age 
factor 
1.15 
1.36 
1.55 
1.60 
1.61 
1.62 
1.62 
1.60 
1.60 
1.59 
1,59 
1.58 
—————— 
ef f 
9 
5 . 4 
4 . 6 
5 .2 
5 . 5 
5 .7 
6 . 2 
6 . 1 
6 . 1 
6 . 1 
6 . 0 
6 . 0 
U-233 
enr ichm, 
(%) 
-
1.24 
1.74 
1.94 
2 .04 
2.11 
2.16 
2.19 
2 .23 
2 .25 
2.27 
2 .28 
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Table 7 
ONE-DIMENSIONAL SCHEME 
Comparison between Thorium and Low-Enriched Cycle 
OPTIMUM CASES 
with the limitations in maximum burn-up(100 MWd/kg) and in the number of 
burnable poison rods (6, 300) 
Burn-up of first charge (MWd/kg) 
Initial make-up enrichment Tinner core 
(%) p o u t e r " 
Maximum burn-up (MWd/kg) 
Equilibrium make-up en- Tinner core 
richment (%) (outer " 
Fuel cycle cost (milis/kWh) 
Equilibrium fuel cycle cost (rnills/kWh) 
Running-in cost " 
Number of burnable poison rods 
X - . . . . . . . 
X l 
Thorium Cycle 
23 
4. 6 
5.85 
100 
3 .5 
4.35 
1.592 1.667* 
1.223 1.280* 
0.370 0.387* 
3, 800 
0. 56 .. 
0.21 
Low-Enriched Cycle 
15 
5.1 
7 .5 
92 
8.35 
8.35 
1.867 
1.556 
- 0.311 
6,300 
0.48 
- 0.07 
The fabrication charges are increased by 20% as compared to the nominal 
value. 
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